MAP65 24 25 Summary statement: We performed a time-resolved localization screen of multiple 26 subunits of the exocyst complex throughout moss cytokinesis and show that each subunit 27 has a unique spatiotemporal recruitment pattern. 28 29 2 Abstract 30 31 During plant cytokinesis a radially expanding membrane-enclosed cell plate is formed 32 from fusing vesicles that compartmentalizes the cell in two. How fusion is spatially 33 restricted to the site of cell plate formation is unknown. Aggregation of cell-plate 34 membrane starts near regions of microtubule overlap within the bipolar phragmoplast 35 apparatus of the moss Physcomitrella patens. Since vesicle fusion generally requires 36 coordination of vesicle tethering and subsequent fusion activity we analysed the 37 subcellular localization of several subunits of the exocyst, a tethering complex active 38 during plant cytokinesis. We found that Sec6, but neither Sec3 or Sec5 subunits localized 39 to microtubule overlap regions in advance of cell plate construction started in moss. 40 Moreover, Sec6 exhibited a conserved physical interaction with an orthologue of the 41 Sec1/Munc18 protein KEULE, an important regulator for cell-plate membrane vesicle 42 fusion in Arabidopsis. Recruitment of PpKEULE and vesicles to the early cell plate was 43 delayed upon Sec6 gene silencing. Our findings thus suggest that vesicle-vesicle fusion is 44 in part enabled by a pool of exocyst subunits at microtubule overlaps that is recruited 45 independent of the delivery of vesicles. 46 47 56 2014; Boruc and Van Damme, 2015). Adaptations of canonical trafficking mechanisms 57 are however required because there is no pre-existing target membrane at the site of cell 58 3 division to which vesicles can fuse. Instead, membrane deposition is thought to be 59 initiated by 'homotypic' fusion of vesicles (Smertenko et al., 2017). This raises the 60 question of how vesicle fusion is spatially restricted to the site of cell division and not 61 spuriously throughout the cell when vesicles meet. It is thought that vesicles are 62 transported along polarized microtubules to the centre of the phragmoplast, a 63 cytoskeletal apparatus that supports cell plate assembly. Although locally concentrating 64 vesicles may enhance the fusion rates of fusion-competent vesicles, it is unclear whether 65 a transport-based mechanism alone can provide the spatial accuracy required to build a 66 straight and flat cell plate. Recently we identified short stretches of antiparallel 67 microtubule overlap at the midzone of phragmoplasts in the moss Physcomitrella patens 68 as sites where membrane build up is initiated (de Keijzer et al., 2017). It remained 69 however unclear whether there are molecules at overlaps that trigger vesicle fusion 70 locally. 71 In eukaryotic cells the fusion of transport vesicles with endomembrane compartments 72 and the plasma membrane relies on the combined action of fusion and tethering 73 complexes. The force driving the fusion of a vesicle and its destination membrane is 74 almost universally generated by SNARE (soluble N-ethylmaleimide-sensitive factor 75 attachment receptor) complexes, typically composed of 4 conserved, membrane-76 associated proteins (Söllner et al., 1993; Wickner and Schekman, 2008; Südhof and 77 Rothman, 2009). Tethering -the establishment of the initial physical connection between 78 the two membranes -on the other hand, is orchestrated by a multitude of molecular 79 machinery, often in form of multimeric protein complexes (Koumandou et al., 2007; 80 Vukašinović and Žárský, 2016). To enable targeted trafficking among the various distinct 81 membrane compartments in eukaryotic cells, membranes acquire different identities that 82 dictate which membrane fusion reactions are allowed. Although SNARE complex 83 composition bestows some of this specificity (Paumet et al., 2004), other factors 84
The physical separation of the two daughter cells formed during plant cell division occurs 50 via a transient, disk-shaped membrane compartment that expands radially towards the 51 parental cell wall. This membrane compartment is termed the cell plate and its 52 construction culminates in a new cell wall segment dividing two individual plasma 53 membranes (Drakakaki, 2015; Müller and Jürgens, 2015; Smertenko et al., 2017) . The 54 initiation of the cell plate and its radial expansion relies on the fusion of vesicles that are 55 supplied mainly by the secretory pathway (Mcmichael and Bednarek, 2013; Richter et al., factors involved. In Arabidopsis both the TRAPPII (Transport Protein Particle II) and 92 exocyst tethering complexes contribute to cell plate biogenesis (Thellmann et al., 2010; 93 Fendrych et al., 2010; Qi et al., 2011; Rybak et al., 2014) . Both are multimeric protein 94 complexes that function in post-Golgi membrane trafficking (Drakakaki et al., 2012; 95 Fendrych et al., 2010; reviewed by Vukašinović and Žárský, 2016) . Interestingly, while 96 TRAPPII is associated with the cell plate throughout its formation, the exocyst is present 97 on the cell plate during early membrane fusion, whereafter its abundance drops during 98 cell plate extension and increases again after cell plate insertion (Fendrych et al., 2010; 99 Zhang et al., 2013; Rybak et al., 2014) . Nonetheless, the two tethering complexes 100 physically interact and most likely function cooperatively during cytokinesis (Rybak et al., 101 2014) . While functional analysis of the TRAPPII complex is expedited by only single 102 genes encoding the two unique TRAPPII subunits (Thellmann et al., 2010; Qi et al., 103 2011), the diverse complement of genes encoding exocyst subunits have made dissecting 104 the role of the exocyst comparatively cumbersome. Nonetheless, various exocyst 105 mutants have been identified that harbour cell plate defects (Fendrych et al., 2010; Wu 106 et al., 2013; Rawat et al., 2017) . 107 Here, to understand if the exocyst could be a cell-plate assembly factor active on 108 microtubule overlaps, we monitored the localization of several GFP-tagged exocyst 109 subunits during cytokinesis in the moss P. patens. Although this representative of a basal 110 land plant lineage has seen a similar degree of gene amplification of exocyst subunit 111 genes as Arabidopsis, with a notable smaller radiation of Exo70 paralogs (Cvrčková et 6 expressed in the protonemal tissue (Ortiz-Ramírez et al., 2016) (Figure S1A ). Firstly we 145 analysed the relative abundance of the different isoforms by imaging interphase apical 146 caulonemal cells ( Figure S1B ). The microscopical assessment of relative protein 147 abundance followed the gene expression data in S1A. All investigated exocyst subunits 148 with detectable amounts of fluorescence localized to plasma membrane foci as reported 149 previously (Fendrych et al., 2013; Zhang et al., 2013; Vukašinović and Žárský, 2016; 150 Bloch et al., 2016; Synek et al., 2017; an Gisbergen et al., 2018) . Of thesubunits that 151 showed expression levels suitably high for microscopy, fusion proteins were expressed 152 alongside mCherry-α-tubulin such that exocyst localization dynamics could be related to 153 mitotic progression (Figure S1, 1A). All selected exocyst subunits and additionally an 154 established cell plate membrane marker (SCAMP4; de Keijzer et al. 2017) were imaged 155 throughout cell division. The onset of anaphase was used as temporal reference to aid in 156 the mutual comparison of arrival times to specific cytokinetic structures ( Figure 1A , 157 Movie S1). 158 The selected exocyst subunits showed disparate localization patterns during cell division. 159 Sec3a and Sec5b localized to the phragmoplast midzone during cell plate initiation 160 ( Figure 1A , Movie S1). Unlike the exocyst subunits studied in Arabidopsis (Fendrych et 161 al., 2010; Zhang et al., 2013; Rybak et al., 2014) intersected with the parental cell wall (Figure 2A and 2B). To our knowledge such a 7 cortical localization pattern has not been observed during cytokinesis for any labelled 174 subunit in Arabidopsis (Fendrych et al., 2010; Zhang et al., 2013; Rybak et al., 2014) . 175 The early cortical labelling was punctate, with numerous puncta together making up a 2-176 3 μm wide band that formed a continuous ring at the cell cortex ( Figure 2A ). The band 177 was mobile on the cortex until cell plate attachment and its movement was synchronous 178 with the rotation of the phragmoplast in these cells (Figure 2B and 2D. 179 To further characterize the observed differences in localization, we identified the moment 180 with respect to anaphase onset at which subunits first became visible at both the 181 phragmoplast midzone and the cortex ( Figure 1B and 2C ). This analysis showed that all 182 studied subunits arrived at the cortex at around the same time (5-10 minutes post 183 anaphase onset). The average time of arrival at the midzone however diverged 184 enormously for the studied subunits. Since the dynamics of exocyst subunits recruitment 185 during cytokinesis depends on the cellular location, regulatory mechanisms for exocyst 186 recruitment to the phragmoplast midzone and the cortex must be in place. To exclude 187 that the weakly expressing Sec3b-GFP and Sec5a-GFP behaved differently during 188 cytokinesis than the other Sec3 and Sec5 paralogs, we imaged cytokinesis in these lines 189 over time after application of the membrane marker FM4-64 (De Keijzer et al., 2017). 190 This showed that these weakly expressing paralogs had similar recruitment dynamics as 191 the other Sec3 and Sec5 paralogs ( Figure S1C ). Thus, while sharing localization at the 192 cortex and late cell plate with the other studied exocyst subunits, Sec6 also exhibited 193 localization to the phragmoplast and spindle midzone apparently independent of the 194 other studied exocyst complexes and membrane compartments. 195 The early localization pattern of Sec6 showed strong resemblance to the sites where 196 microtubules from opposite poles form antiparallel overlaps in the spindle and 197 phragmoplast midzone (Ho et al., 2011; Kosetsu et al., 2013; de Keijzer et al., 2017) . To A physical interaction between Sec6 and Sec1/munc18 (SM) family protein KEULE was 231 proposed to be an important regulatory step in cytokinetic vesicle fusion in Arabidopsis 232 (Wu et al., 2013) . KEULE contributes to fusion by preventing the important cytokinetic 233 SNARE-component KNOLLE from refolding into its closed, non-fusion-competent 234 conformation, thereby allowing the formation of fusogenic trans-SNARE complexes 235 among vesicles delivered to the cell plate (Park et al., 2012; Karnahl et al., 2017; 236 Jürgens et al., 2015) . Whether the Sec6 interaction regulates this specific activity is 237 presently unknown. Nonetheless, in Sec6-mutants cytokinesis defects were found that 238 resemble these encountered in plants lacking KEULE (Wu et al., 2013; Assaad et al., 239 1996) , hinting that a cooperative Sec6-KEULE interaction regulates cytokinesis. Based on 240 these findings we hypothesized that Sec6 on overlaps may regulate vesicle fusion activity 241 in space through an interaction with KEULE. In search of a KEULE homologue we 242 identified 7 loci in the P. patens genome that are predicted to encode SM family proteins. 243 Of the identified loci, two contained genes with a predicted exon number equal to that of 244 the Arabidopsis KEULE gene and their expected gene products exhibited an overall 245 similarity to Arabidopsis KEULE at least twice higher than the other predicted SM genes 246 ( Figure 5A ). Analysis of gene expression levels revealed that the gene encoded at locus , 2016) . We therefore focussed on the former gene and tentatively named it PpKEULE. 250 Since the position of introns in genes contains information on the evolutionary trajectory 251 of the gene family they belong to (e.g. Rogozin et al., 2003; Garcia-España et al., 2009; 252 Javelle et al., 2011), we compared the intron-exon structure between Arabidopsis KEULE 253 and PpKEULE. The intron positions were highly similar for both species ( Figure 5B ). 254 Introns in the PpKEULE gene were slightly longer, however this is in line with average 255 intron length being bigger in moss compared to Arabidopsis (Rensing et al., 2005) . The 256 concurrent intron-exon structure of the genes of both species signifies that they are 257 derived from a gene present in the last common ancestor of mosses and higher plants. 258 In Arabidopsis, the interaction domain of KEULE with Sec6 was narrowed to a C-terminal 259 portion of the protein designated C1 (Wu et al., 2013) . The high degree of sequence 260 conservation allowed us to delineate the same domain in PpKEULE and test it for its 261 ability to interact with Sec6. In a reciprocal yeast 2-hybrid assay with P. patens Sec6, 262 KEULE and the KEULE-C1 domain, we found a strong interaction between Sec6 and both To investigate the functional importance of Sec6 for correct KEULE localization and cell 285 plate assembly in general we sought ways to reduce or abolish cellular Sec6 levels. We 286 failed to isolate a Sec6 knock-out mutant, suggesting that Sec6 is an essential protein for 287 cell proliferation, as has been reported by van Gisbergen et al., (2018) . We therefore 288 aimed to generate an inducible knock down of Sec6 transcript levels using inducible RNAi 289 in cells expressing either vesicle marker SCAMP4-mCherry or PpKEULE-GFP. Induction of 290 Sec6 RNAi caused a large reduction of moss colony expansion and caulonemal cells were 291 absent ( Figure S4A and S4B) . Nonetheless, chloronemal cells with induced RNAi showed 292 tip growth albeit at a decreased rate and with a more bulbous tip shape ( Figure S4C ). 293 This may suggest that some functional exocyst complexes are present, or that a minimal 294 amount of tip growth can occur in the absence of Sec6. Three days after induction of 295 RNAi knockdown, finalized cell walls separating two daughter cells showed various 296 morphological defects ( Figure S4D ). To understand during which stage of cell plate 297 assembly these defects could arise, we quantified cell plate expansion, membrane as well (Hála et al., 2008; Heider et al., 2016; Picco et al., 2017) . 318 In most plant cells a cortical ring of microtubules, the preprophase band (PPB), is 319 thought to demarcate a functionalized section of the cortex, called the cortical division 320 zone (CDZ), to which cell plate expansion is directed during cytokinesis (van Damme, 321 2009; Müller et al., 2009; Stöckle et al., 2016) . Known components of the CDZ do 322 however assemble into ring-like structures in mutants that are unable to form a PPB 323 (Schaeffer and Bouchez, 2010) . Other cells, including moss protonemal cells, lack a PPB 324 altogether but cytokinesis does involve the formation of a cortical band with established 325 CDZ components, including myosins and kinesins, prior to cell plate attachment 326 (Schmiedel et al., 1981; Doonan et al., 1985; Otegui and Staehelin, 2000; Hiwatashi et 327 al., 2008; Wu et al., 2011; Nakaoka et al., 2012; Miki et al., 2014; Wu and Bezanilla, 328 2014; Lipka et al., 2014; Schaefer et al. 2017; Kosetsu et al., 2017; ,) . Given the early 329 cortical localization of the exocyst observed in moss, it will be interesting to find out if 330 the exocyst and vesicle trafficking have a role in the establishment or maintenance of the 331 CDZ in absence of a PPB, or whether its function is limited to attachment of the cell plate. 332 Analogies may be present with fission yeast cytokinesis where exocyst localization and 333 vesicle fusion to the division site appear to precede cleavage furrow ingression (Wang et   334 al., 2016). It is surprising that no exocyst subunits have been reported as components of 335 the CDZ in higher plants (Vukašinović and Žárský, 2016; Borucand van Damme, 2015) . 336 Characterization of exocyst localization in plants is however impeded by the large number 337 of subunits homologues, particularly of the Exo70 subunit. 338 Local accumulations of exocyst subunits were first described for their role in polarized 339 exocytosis at the plasma membrane (TerBush and Novick 1995; Hazuka et al., 1999) . 340 However, exocyst subunits also localize to internal membrane compartments to assist in 341 autophagosome formation (Kulich et al., 2013; Bodemann et al., 2011) . Moreover, in were linearized and introduced into the P. patens genome by homologous recombination 428 using PEG-mediated protoplast transformation (Nishiyama et al., 2000) . Correct insertion 429 events were characterised by PCR ( Figure S3 ). Knock-down in RNAi lines upon induction 430 was verified by quantitative RT-PCR ( Figure S5 ). Characteristics of generated moss lines 431 and their use throughout the study are summarized in Supplemental table 3 We would like to thank Henk Kieft for technical assistance. 489 and SM proteins. Science 323, 474-477. 723 Synek, L., Vukašinović, N., Kulich,I., Hála, M., Aldorfová, K., Fendrych, M. and Z., Ritchie, J.A., Pan, A.H., Quatrano, R.S., and Bezanilla, M. (2011) . , X., Zhang, J., Zhang, Y., Hsu, S.C., Zhou, D. and Guo, W. (2006) . Exo70 757 interacts with the Arp2/3 complex and regulates cell migration. Nat Cell Biol. 8, 758 1383-1388. 
Figure legends

